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Abstract 
We develop the epitaxial growth technique of ultrahigh density (>1012 cm-2) iron silicide nanodots (NDs) on Si 
substrates using ultrathin SiO2 films. This technique enables the ND formation of various kinds of iron silicides such 
as ȕ-FeSi2 and Fe3Si. These NDs nanocontact with Si substrates through limited area of nanowindows in the ultrathin 
SiO2 films. Due to the nanocontact between NDs and Si substrates, heteroepitaxial growth of high quality NDs on Si 
substrate is successful. Absorption spectra of individual ȕ-FeSi2 NDs show the property of the indirect transition 
semiconductor. However, the Si/ȕ-FeSi2 NDs/Si structures exhibit strong photoluminescence near 0.8 eV.  
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1. Introduction 
Iron silicides have been intensively studied not only for the academic interest in the varieties of their 
electronic properties, but also because of their advantages in the application such as nontoxicity and 
elemental abundance. For the application to the devices, a lot of attention has been paid to the epitaxial 
growth of iron silicides on Si substrates. For example, epitaxial ȕ-FeSi2/Si films have been expected for 
realization of Si-based light emitters, and ferromagnetic Fe3Si/Si films for the application to spintronic 
devices.  
On the other hand, nanostructures such as nanodots (NDs) have been also interesting because of their 
quantum effects. We focused on the iron silicide NDs. However, their formation method was not 
established, and their physical properties were not elucidated. In this paper, we present the formation 
method of high density ȕ-FeSi2 and Fe3Si NDs epitaxially grown on Si substrates using ultrathin SiO2 film 
technique [1-4]. Additionally, we clarify the optical properties of ȕ-FeSi2 NDs using conventional 
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photoluminescence (PL) spectroscopy and scanning tunneling microscope-electric field modulation 
spectroscopy (STM-EFMS) with nanometer-spatial resolution [5, 6].  
2. Experimental 
8×1.5×0.4 mm samples cut from n-type Si (111) and Si (001) wafers were introduced into an 
ultrahigh-vacuum chamber at a base pressure of about 1×10-8 Pa. The chamber was equipped with STM 
and a reflection high-energy electron diffraction (RHEED) apparatus. Clean Si surfaces were prepared by 
flashing at 1250ºC after degassing at about 500ºC for several hours. Then, these clean Si surfaces were 
oxidized in the chamber at 600ºC for 10 min at an oxygen pressure of 2×10-4 Pa to form ultrathin SiO2 
films with a thickness of less than 1 nm. We predeposited a small amount of Si (1-3 monolayer (ML)) on 
these ultrathin SiO2 films at 400-680嘙C. During Si predeposition, the ultrahigh density nanovoids were 
formed through the reaction of Si + SiO2 ė 2SiOĖ, at which sites extra Si atoms were trapped to form 
the ultrasmall Si nuclei. We call the Si nuclei on nanovoids as nanowindows. On these ultrathin SiO2 
films having the ultrahigh density nanowindows, we codeposited Fe and Si with the flux ratio consistent 
with the compositional ratio of the target silicide. This codeposition resulted in the formation of ultrahigh 
density NDs of iron silicide, where the ultrahigh density nanowindows work as nucleation sites for the 
ND growth. An electron beam (EB) evaporator was used for Fe deposition, and a Knudsen cell or an EB 
evaporator were employed for Si deposition.  
We conducted the STM experiments using tungsten tips at room temperature. In RHEED 
measurements, the incident direction of the 20-keV electron beams was the <112>Si direction for Si (111) 
substrates, and the <110>Si direction for Si (001) substrates. PL spectroscopy was conducted at 5 K using 
an excitation laser (532 nm, 5 mW). We also performed absorption spectroscopy of individual NDs using 
STM-EFMS measurements at 96 K using a PtIr tip in a separate low-temperature STM chamber at a base 
pressure of ~10-8 Pa. To avoid the oxidization of the samples during the transfer from the growth chamber 
to the STM-EFMS chamber through the air, we terminated the sample surfaces after the ND growth with 
atomic hydrogen by introducing hydrogen gas into the growth chamber up to a pressure of 2×10-4 Pa for 
10 min keeping the samples at 400°C in front of the tungsten filament heated at 1500°C. For electric field 
modulation in STM-EFMS measurements, we adopted a bias voltage modulation scheme, corresponding 
to electroreflectance with nanometer-spatial resolution. The details of the STM-EFMS measurements are 
described in previous papers [5, 6].   
3. Results and Discussion 
3.1. Formation of ultrahigh density ȕ-FeSi2 NDs 
We first tried epitaxial growth of ǃ-FeSi2 NDs on Si (111) substrates. Fe and Si were codeposited onto 
ultrathin SiO2 film on Si(111) substrates at the flux ratio of stoichiometric composition of ǃ-FeSi2 (=1:2) 
at 500ºC after nanowindws were fabricated in the ultrathin SiO2 film by predeposition of 1ML Si at 500ºC. 
Figure 1(a) and (b) show RHEED pattern and STM image of this sample, respectively. To clarify the role 
of the nanowindows, we also used the ultrathin SiO2 films without nanowindows as shown in Fig 1(c) and 
1(d). The STM results reveal that hemispherical iron silicide NDs formed with an average size of ~5 nm 
diameter and density of ~2.4×1012 cm-2. The size of the formed NDs is controllable by selecting the 
codeposition amount. The morphological difference between these two types of the samples was not 
observed in STM images (Fig. 1(b) and (d)). Diffraction spots pointed by arrows in Fig. 1 (a) and (c) 
indicated the epitaxial growth of ȕ-FeSi2 and İ-FeSi on Si (111) substrates, respectively. This indicates 
that the NDs formed in the cases with and without nanowindows differed greatly in terms of their 
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crystalline structures unlike the surface morphology. The epitaxial growth of NDs is caused by 
nanowindow formation in SiO2 films through the reaction 
 
Si + SiO2 ė 2SiOĖ (1)  
In the case without Si predeposition, Si atoms during codeposition react with the SiO2 film through the 
reaction (1). On the resulting nanowindows, the NDs were epitaxially grown. This consumption of Si 
atoms distorted the ratio of Si and Fe atoms from stoichiometry resulting in formation of  monosilicide 
NDs, namely İ-FeSi NDs. For the ȕ-FeSi2 ND epitaxial growth, nanowindows formed by Si predeposition 
is necessary. 
We tried to apply this method to the epitaxial growth of  ȕ-FeSi2 NDs on Si (001) substrates. We 
codepostited 4-ML Fe and 8-ML Si at 500ºC after Si predeposition on the ultrathin SiO2 films at ~670ºC. 
STM image of this sample exhibited the formation of the ultrahigh density NDs. From RHEED pattern of 
this sample, we found that iron silicide NDs formed are a-FeSi2 epitaxially grown on Si (001). By 
considering that a-FeSi2 is Si-rich phase, it proved that Fe atoms could diffuse into Si substrates more 
largely than in the case of Si (111) substrates. Then, we codeposited Fe and Si on the ultrathin SiO2 films 
with nanowindows at room temperature and annealed the resulting amorphous iron silicide NDs at 550ºC 
for 10 min. In this case, RHEED pattern and STM image of this sample demonstrated that ȕ-FeSi2 NDs 
were epitaxially grown on Si (001) substrate. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. RHEED patterns (a, c) and STM images (b, d) of 12ML ǃ-FeSi2 NDs on Si (111) substrates formed by codeposition on the 
ultrathin SiO2 films with (a, b) and without (c, d) nanowindows. 
3.2. Optical properties of ȕ-FeSi2 NDs  
We measured PL spectra of Si capped ȕ-FeSi2 NDs epitaxially grown on Si substrates fabricated by the 
above ultrathin SiO2 film technique. In the case of Si (111) substrates, PL related to Si crystal defects 
(D1-D4 lines) was observed. This demonstrated that crystal defects were created in Si capping layer 
presumably due to the existence of the underlying ȕ-FeSi2 NDs. On the other hand, in the case of Si (001) 
substrates, strong PL appeared near 0.8 eV, which is different from D1-D4 lines. There are two 
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possibilities for the PL origin. One is a simple one, optical transition in ȕ-FeSi2 NDs or between Si and ȕ-
FeSi2 NDs. The other is luminescence in nanostructured Si created in Si capping layer owing to the 
existence of ȕ-FeSi2 NDs. The latter is often observed in Si/NDs/Si structures [7-9]. However, the 
nanostructured Si has not been identified yet. 
To investigate the optical properties of NDs themself, we measured the adsorption spectra of 
individual NDs using STM-EFMS. Figure 2 shows the typical STM-EFMS spectra for a single ȕ-FeSi2 
ND on Si (001) and (111) acquired in the bias voltage modulation scheme. The inclination of the baseline 
in the spectrum for Si (111) substrate may be due to long-period fluctuations of displacement current 
caused by the tip-sample distance altering with a long acquisition time in the tip retracted condition, or by 
a positional drift of the tip. In these specific measurements, the STM tip was retracted from the sample by 
a distance of ~1-5 nm out of the tunneling regime after the STM tip was positioned over the target ND. In 
such cases, the tip current is dominated by the displacement current that is generated by stray capacitance 
between the tip and sample. Therefore, the tip current stability is enhanced due to the smaller contribution 
of tunneling current with high fluctuation. This measurement sacrifices spatial resolution but only to a 
limited extent (spatial resolution of several nm) [6]. The spectrum for the NDs on Si (001) exhibits a peak 
at ~0.89 eV, which agrees well with the direct-transition optical absorption edge of ȕ-FeSi2 films [10-12] 
and bulk [13]. Beside the 0.89 eV signal, a small dip near 0.72 eV was observed in the EFMS spectrum 
for the NDs on Si (001). For NDs on Si (111), the similar small STM-EFMS signals also appeared near 
0.72-0.74 eV. According to photoabsorption measurements of a bulk sample of ȕ-FeSi2 [13], this energy 
of 0.72-0.74 eV was assigned to the indirect-transition optical absorption edge with phonon absorption for 
ȕ-FeSi2 crystal at 100 K. It should be noted that the spectrum of ȕ-FeSi2 NDs on Si (001) with the clear 
peak at 0.89 eV, which are similar to direct-transition optical absorption edges for films and bulk, are 
different from those obtained from the epitaxial ȕ-FeSi2 NDs on Si (111), which shows a quite small peak 
around 0.89 eV. This indicates that the crystal orientation of Si substrates influences the optical properties 
of ȕ-FeSi2 NDs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. STM-EFMS signals of a single ȕ-FeSi2 ND on Si (111) and Si (001).  
3.3. Epitaxial growth of ultrahigh density Fe3Si NDs  
We tried to apply the ultrathin SiO2 film technique to other iron silicide, namely ferromagnetic Fe3Si. 
We codepostited Fe and Si at 200-600ºC at the flux ration of 3:1 after predeposition of 1-ML Si on the 
ultrathin SiO2 films on Si(111) substrates at ~500ºC. The iron silicide formed at 400-500ºC was İ-FeSi 
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epitaxially grown on Si (111). Į-FeSi2 was formed in the case of codeposition temperature above 600°C. 
At codeposition temperature less than 300°C, Fe3Si was epitaxially grown on Si (111) substrates. Figure 
3(a) shows RHEED pattern of 60-ML iron silicide formed at 300°C, indicating the epitaxial growth of 
DO3-type Fe3Si on Si (111). The surface morphology of the Fe3Si formed was investigated by STM as 
shown in Fig. 3(b). The STM image demonstrates that epitaxial Fe3Si NDs were formed with an ultrahigh 
density of ~1012 cm-2. These Fe3Si NDs exhibited the ferromagnetism at low temperature. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. RHEED pattern (a) and STM image (b) of 60ML Fe3Si NDs on Si (111) substrates. 
4. Conclusions 
We developed the epitaxial growth technique of ultrahigh density (>1012 cm-2) iron silicide NDs on Si 
substrates using ultrathin SiO2 films. The epitaxial growth of NDs of various kinds of iron silicides such 
as ȕ-FeSi2 and Fe3Si was enabled by adopting the proper codeposition temperature and annealing 
temperature. These NDs nanocontacted with Si substrates through nanowindows in the ultrathin SiO2 
films. Absorption spectra of individual ȕ-FeSi2 NDs showed the indirect transition semiconductor. 
However, the Si/ȕ-FeSi2 NDs/Si structures exhibited the strong PL near 0.8 eV. We also applied the 
ultrathin SiO2 film technique to the epitaxial growth of the Fe3Si NDs. These Fe3Si NDs exhibited the 
ferromagnetism at low temperature. 
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